INTRODUCTION
============

RUNX1 is one of the RUNX family proteins (RUNX1, RUNX2, RUNX3), and each forms a heterodimer with core-binding factor β (CBFB: PEBP2B) ([@ref10]; [@ref18]). RUNX regulates transcription of target genes by recognizing and binding to the core consensus sequence, 5'-TGTGGT-3', and in rare cases, to 5'-TGCGGT-3', through the RUNT domain ([@ref21]; [@ref22]). which is homologous to the p53 family ([@ref19]), but functional crosstalk between RUNX1 and p53 in carcinogenicity, proliferation, and maintenance has not been elucidated at the physiological level. CBFB is non-DNA-binding subunit that enhances the transcription activity of RUNX by potentiating the DNA binding ability and stability of the RUNX family ([@ref21]; [@ref22]). However, the compensation mechanism for the total level of RUNX family protein expression and CBFB is still unknown. The carcinogenic properties of RUNX1 in the developmental mechanism of cancers, but the carcinogenetic molecular basis of RUNX1, including that of other RUNX family members, for proliferation, maintenance and metastasis of cancer is unknown ([@ref6]; [@ref7]).

Pyrrole-imidazole (PI) polyamides (PI-Polyamides) enter the minor groove of the DNA double-helix structure and recognize a specific nucleotide sequence ([@ref2]; [@ref20]). Using an advanced technique to modify PI-Polyamides with an alkylating agent, chlorambucil (Chb), developed by our collaborator, Professor Hiroshi Sugiyama, at the Department of Chemistry of Kyoto University Graduate School of Science ([@ref1]), we are newly developing Chb-M' and Chb-50, which recognize and bind to the core consensus sequences (consensus RUNX-binding sequences) common to the RUNX family: 5'-TGTGGT-3' and 5'-TGCGGT-3'. Chb-M' and Chb-50 can comprehensively inhibit the target genes of the RUNX family by antagonistically inhibiting recruitment of the RUNX family members to the RUNX-binding consensus sequences ([@ref16]).

OUR NOVEL FINDINGS
==================

Inhibition of RUNX1 induces cell cycle arrest and apoptosis in cancer cells depending on stabilization and activation of p53 protein
------------------------------------------------------------------------------------------------------------------------------------

Antileukemic effect mediated by RUNX1 depletion is highly dependent on a functional p53-mediated cell death pathway. BCL11A and TRIM24, factors that degrade and inhibit p53, are directly transcriptionally regulated by the RUNX family. Disappearance of both factors by specific inhibition of RUNX1 results in stabilization of the p53 protein, demonstrating that the RUNX1 inhibition-induced inhibitory effects on cancer cells are dependent on stabilization and activation of wild-type p53 protein ([@ref16]). It was suggested that high expression of RUNX1 in cancer cells induces high expression of p53-degrading BCL11A and TRIM24, destabilizing p53 protein especially in leukemia cells and some kinds of p53 wild-type solid cancers. This indicates a previously unknown role of RUNX1 in cancers ([@ref7]; [@ref16]).

The cancer inhibition effects by CROX: cluster regulation of RUNX
-----------------------------------------------------------------

We investigated the transcriptional regulatory mechanism of RUNX family members. The consensus RUNX-binding sequences are present in the promotor region and control expression of each other through inhibitory transcriptional regulation, suggesting that regulation by mutual inhibition maintains the protein level of the RUNX family at a constant level ([@ref16]). The total protein level of the RUNX family (RUNX1 + RUNX2 + RUNX3) was positively correlated with the CBFB protein level. Moreover, the outcome was significantly poorer in the high CBFB expression group for almost all cancer types, suggesting that the total RUNX family expression level is correlated with CBFB expression, and the RUNX family cluster is a common antitumor target among cancers ([@ref16]). We name the mechanism as "genetic compensation of RUNX family transcription factors" and the comprehensive inhibition of RUNX1, RUNX2, and RUNX3 led to marked cell suppression compared with inhibition of RUNX1 alone, clarifying that the RUNX family members are important for proliferation and maintenance of cancer cells. Our novel theory "cluster regulation of RUNX (CROX)" to overcome the mechanism "genetic compensation of RUNX family transcription factors" maybe a very effective strategy to suppress diverse kinds of cancers ([@ref7]; [@ref16]).

Paradoxical enhancement of leukemogenesis in acute myeloid leukemia with moderately attenuated RUNX1 expressions
----------------------------------------------------------------------------------------------------------------

Inv16 leukemia (AML M4Eo) is caused by the CBFβ-SMMHC fusion protein ([@ref9]; [@ref10]; [@ref11]; [@ref12]). The RUNX1 high-affinity binding domain (HABD) is present in the fusion protein and it markedly enhances the binding ability between the fusion protein and RUNX1 compared with that between CBFβ (wild-type) and RUNX1. The fusion protein captures RUNX1 and transfers it to the cytoplasm from the nucleus, and RUNX1 is dominantly inhibited by the fusion protein. We reported that in D43 mice with the HABD deletion, the RUNX1-transferring effect was inhibited and RUNX1 remained in the nucleus, which moderately improved the dominant RUNX1 inhibition. However, D43 chimeric mice developed Inv16 leukemia at around one week after birth even though no additional gene abnormality was present, suggesting that dominant RUNX1 inhibition is not essential for Inv16 leukemia ([@ref9]). And RUNX1 promotes survival of acute myeloid leukemia cells ([@ref3]; [@ref5]), suggesting that RUNX1 is not only a tumor suppressor, but also an oncogenic factor ([@ref3]; [@ref5]; [@ref6]; [@ref9]; [@ref8]).

Analysis of clinical data revealed that intermediate level gene expression of RUNX1 marked the poorest-prognostic cohort in relation to acute myelogenous leukemia (AML) patients with highor low-level RUNX1 expressions ([@ref14]). Through our series of RUNX1 knockdown experiments with various RUNX1 attenuation potentials, we found that moderate attenuation of RUNX1 contributed to the enhanced propagation of AML cells through accelerated cell-cycle progression, whereas profound RUNX1 depletion led to cell-cycle arrest and apoptosis ([@ref14]). In these RUNX1-silenced tumors, amounts of compensative upregulation of RUNX2 and RUNX3 expressions were roughly equivalent and created an absolute elevation of total RUNX (RUNX1 + RUNX2 + RUNX3) expression levels in RUNX1 moderately attenuated AML cells through "genetic compensation of RUNX family transcription factors" theory ([@ref16]; [@ref14]). This elevation resulted in enhanced transactivation of GSTA2 expression, a vital enzyme handling the catabolization of intracellular reactive oxygen species as well as advancing the cell-cycle progressions, and thus ultimately led to the acquisition of proliferative advantage in RUNX1 moderately attenuated AML cells. Our ndings indicate that moderately attenuated RUNX1 expressions paradoxically enhance leukemogenesis in AML cells through intracellular environmental change via GSTA2, suggesting that the inhibition of GSTA2 through "cluster regulation of RUNX (CROX)" is a very effective strategy to suppress AML ([@ref14]).

Development and proposal of a RUNX family cluster regulation method using PI-Polyamides
---------------------------------------------------------------------------------------

PI-Polyamide is a superior medium-sized compound with selective binding ability to the specific nucleotide sequence in the DNA double-helix structure ([@ref2]; [@ref20]). We designed original molecules, PI-Polyamide: Chb-M' and Chb-50s, which specifically bind to the RUNX-binding consensus sequences, and evaluated the gene expression pattern of the comprehensively regulated RUNX family ([@ref1]; [@ref16]). The RUNX family pathway was negatively controlled and strong cell suppression effects were observed *in vitro* and *in vivo* and no toxicity was noted in several preliminary toxicity tests ([@ref16]). As all RUNX family members share the RUNX-binding consensus sequences: 5'-TGTGGT-3' or 5'-TGCGGT-3', cluster regulation of the RUNX family was possible. This was not possible with the RUNX1 inhibitor alone, and the compensatory mechanism of the RUNX family was successfully overcome ([@ref16]).

Autonomous feedback loop of RUNX1-p53-CBFB in acute myeloid leukemia cells
--------------------------------------------------------------------------

We have found for the first time that CBFB transcription is modulated by RUNX family members, p53 directly transactivates CBFB promoter through its p53-responsive element-like sequences, it is conceivable that RUNX1 regulates the expression of CBFB not directly but indirectly via p53 ([@ref15]). In addition to the transcriptional regulatory mechanism of CBFB, we have also demonstrated that RUNX1-p53-CBFB regulatory circuit contributes to the acquisition of treatment resistance of AML cells strongly suggesting that an autonomous RUNX1-p53-CBFB regulatory triangle plays a vital role in the maintenance and the acquisition of chemo-resistance of AML cells ([@ref15]) ([Fig. 1](#F1){ref-type="fig"}).

![Auto-regulatory feedback loop of RUNX1-p53-CBFB.\
RUNX1-inhibition treatment induces p53. Induced p53 directly binds to CBFB promoter and stimulates its transcription and translation, which in turn acts as a platform for the stabilization of RUNX1, thereby creating the compensative RUNX1-p53-CBFB feedback loop. Modified from the article of [@ref15] (Sci. Rep. 7, 16604) in accordance with the Creative Commons Attribution 4.0 International (CC BY 4.0) license.](molce-43-198-f1){#F1}

RUNX1 positively regulates the ErbB2/HER2 signaling pathway through modulating SOS1 expression in gastric cancer cells
----------------------------------------------------------------------------------------------------------------------

Up-regulation of the ErbB2/HER2 signaling pathway is frequently-encountered in gastric cancer in addition to Her2 breast cancer. This signaling cascade is partly mediated by son of sevenless homolog (SOS) family, which function as adaptor proteins in the RTK cascades ([@ref13]). We have found for the first time that RUNX1 regulates the ErbB2/HER2 signaling pathway in gastric cancer cells through transactivating SOS1 expression, rendering itself an ideal target in anti-tumor strategy toward this cancer ([@ref13]). Mechanistically, RUNX1 interacts with the RUNX1 binding DNA sequence located in SOS1 promoter and positively regulates it. Knockdown of RUNX1 led to the decreased expression of SOS1 as well as dephosphorylation of ErbB2/HER2, subsequently suppressed the proliferation of gastric cancer cells ([@ref13]). Chb-M' consistently led to the deactivation of the ErbB2/HER2 signaling pathway and was effective against several gastric cancer cell lines ([@ref13]). We identified a novel interaction of RUNX1 and the ErbB2/HER2 signaling pathway in gastric cancer, which can potentially be exploited in the management of this malignancy ([Fig. 2](#F2){ref-type="fig"}).

![The mechanism of Her2 signaling activation by RUNX1, and the inhibition of cell proliferation by RUNX inhibitor (Chb-M\').\
Schematic abstract showing that Left: RUNX1 interacts with the RUNX1 binding DNA sequence located in SOS1 promoter and positively regulates it. Upon stimulation of Her2, SOS proteins act as adaptors to augment the HER2 signaling, thereby thought to significantly contribute to the proliferation of the cells. Right: Novel RUNX inhibitor (Chb-M') led to the decreased expression of SOS1 as well as dephosphorylation of HER2, subsequently suppressed the proliferation of Her2 gastric cancer.](molce-43-198-f2){#F2}

RUNX transcription factors potentially control E-selectin expression in the bone marrow vascular niche in mice
--------------------------------------------------------------------------------------------------------------

We reported that the evidence suggesting the possible involvement of RUNX transcription factors in the transactivation of E-selectin, a member of selectin family of cell adhesion molecules, on the vascular endothelial cells of the mice bone marrow niche ([@ref17]). The gene switch mediated silencing of RUNX downregulated E-selectin expression in the vascular niche and negatively controlled the engraftment of AML cells in the bone marrow, extending the overall survival of leukemic mice ([@ref17]). This work identi ed the novel role of RUNX family genes in the vascular niche and showed that the vascular niche, a home for AML cells, could be strategically targeted with RUNX-silencing antileukemia therapies. Considering the excellent efficacy of RUNX-inhibition therapy through CROX on AML cells themselves, this strategy potentially targets AML cells both directly and indirectly, thus providing a better chance of cure for poor-prognostic AML patients ([Fig. 3](#F3){ref-type="fig"}).

![Schematic abstract showing that RUNX1 enhances leukemia cell engraftment in the vascular niche possibly through modulating E-selectin expressions.\
Left: E-Selectin keeps AML cells in the bone marrow (BM) niche where chemodrug concentration is lower. Right: RUNX1 inhibition esposes AML cells to higher concenyrationof chemodrug in periferal blood (PB). Modified from the article of [@ref17] (Blood Adv. 2, 509-515) with original copyright holder\'s permission.](molce-43-198-f3){#F3}

CONCLUSION AND DISCUSSION
=========================

Dominant inhibition of the RUNX1 was previously considered to be the main cause of the disease-developing proliferation maintenance mechanism, mainly in CBF leukemia ([@ref18]). However, our studies clarified that wild-type RUNX1 is needed for survival and proliferation of leukemia cells, suggesting that a treatment strategy targeting RUNX1 is more effective ([@ref16]). As the RUNX family has a mechanism to compensate for loss among the family members, moderate inhibition of RUNX1 increases the total RUNX family protein level through the mechanism "Genetic compensation of RUNX family transcription factors" ([@ref16]), and the RUNX family transcriptionally regulates the p53 inhibitors such as BCL11A and TRIM24. Therefore, several groups have tried to regulate RUNX1 alone, but suppression of leukemia cells was incomplete. To overcome this, we propose comprehensive RUNX family cluster regulation "cluster regulation of RUNX (CROX)" as a leukemia treatment strategy because it is difficult to individually inhibit RUNX family proteins ([@ref16]). As PI-Polyamide: Chb-M' and Chb-50, currently in development, target the common consensus sequences of the RUNX family, individual inhibition of the members is not necessary ([@ref16]). The RUNX family pathway was negatively controlled and strong cell suppression effects were observed *in vitro* and *in vivo* through Chb-M' treatments. Actually, Chb-M' consistently led to the deactivation of the ErbB2/HER2 signaling pathway and was effective against Her2 gastric cancer ([@ref13]) and downregulated E-selectin expression in the vascular niche and negatively controlled the engraftment of AML cells in the bone marrow ([@ref17]). Although the comprehensive RUNX family cluster regulation has yet to be applied in the clinical fields, we suggest the RUNX gene switch method using PI-Polyamides as a new modality that may contribute to the next generation of cancer treatment strategies.
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